Summary
INTrODuCTION
The shape memory effect in materials consists of their ability to remember and recover their original shape and size after their change, stabilisation (fixing), and retention in a temporary or latent state under prescribed temperature, stress, and strain. In the absence of restrictive forces during heating to a certain temperature (thermal activation) or the action of other factors, for example moisture absorption, change in pH, and the action of electric and magnetic fields or UV radiation, the temporary shape and size return to the original shape and size in the process of strain recovery. In the presence of restrictive forces and in the absence of possible strain recovery, thermal activation of the shape memory effect is shown by the emergence of shrinkage stresses. The main characteristics of shapememory materials exhibiting the shape memory effect most frequently during thermal activation include the temperature and maximum permissible strain in the process of change in the original shape and size, and also the temperature of stabilisation of the temporary shape, and the temperature, maximum degree, and force of recovery of the original shape. These characteristics are determined decisively by the nature of the material and the mechanism of the processes of deformation and phase or relaxation transitions occurring in it at the stages of change, stabilisation, and recovery of shape and size.
In widely known shape-memory metal alloys (SMAs), the thermally activated shape memory effect is governed by the superplasticity of low-temperature labile martensite phase capable of maximum strains of the order of 8% and by its transition into high-temperature, more stable austenite phase. The temperature of this transition determines the temperatures at which there is change in the original shape and size and stabilisation and thermal activation of recovery. In shape-memory polymers (SMPs), owing to their macromolecular nature and complex phase morphology with various forms of molecular thermal motion and their relaxation nature, this effect is connected with fundamentally different mechanisms of processes of deformation and other types of phase and relaxation transition. A decisive role in the appearance of the shape memory effect in SMPs is played by reversible high-elastic strains as the manifestation of entropy elasticity, governed by segmental mobility and change in the conformations of the polymer chains linked by chemical or physical crosslinked points into a continuous network and capable, Plasticheskie Massy, No. 5-6, 2015, pp. 43-47 Translated by P. Curtis depending on the crosslink density, of a strain of up to 400%. Polymer chains ensuring such strains form a so-called reversible non-crystallising (amorphous) or crystallising (amorphous crystalline) phase of the SMP, segmental mobility in which appears and is frozen at temperatures above and below the glass transition temperature/softening point (T g ) or the crystallisation/ melting temperature (T m ) respectively. These temperatures decisively determine the lower limiting temperatures at which the temporary shape is created and stabilised, and also the temperature of activation of recovery of the original shape (T s ). The crosslinked points connecting the polymer chains into a continuous network in SMPs can serve as chemical (covalent) bonds or entanglements of chains breaking down at the temperature of degradation (T d ) or transition from the high-elastic (rubbery) to the viscous flow state (T 11 ), respectively, and microphase domains of crystalline, mesophase (LC), or amorphous nature, formed and breaking down at the temperature of their transitions -melting, LC transition, and softening respectively. These temperatures determine in SMPs the limiting upper temperatures at which there is a change in the original shape and size and these changes stabilise, and also the temperatures of activation of the processes of recovery (T s ).
In the past two decades, SMPs and the shape memory effects in them have been the subject of the most numerous investigations and developments in the field of polymer material science and technologies, including in the creation of composite and hybrid materials based on these polymers and their application as actuators in biomedicine, in space transformable constructions, and in textile, membrane, and other technologies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . This is due to the fact that SMPs, in contrast to SMAs, are low cost and low density with extremely wide variability of the processes of formation, composition, structure, and properties. SMPs possess a wide range of temperatures at which the formation and stabilisation of the temporary shape occur, and also thermal activation of shape recovery, high deformability and degree of recovery of shape and size, and low forces of recovery with an up to 500-fold change in the elastic modulus on transition from the high-elastic state of the reversible phase to the glassy or amorphous crystalline state. In developments and investigations of modern SMPs and materials based on them, most attention is paid to shape-memory polyester urethanes (SMPEUs), primarily segmented polyester urethane block copolymers possessing the greatest possibilities of variation of the structure and properties both of the reversible phase and of chemical and physical (microdomain) crosslinks of the polymer network by using flexible non-crystallising or crystallising blocks of polyether and polyester diols and rigid blocks formed by isocyanates and chain extenders or crosslinking agents (low-molecular-weight di-or polyols and amines) [11] [12] [13] [14] [15] [16] [17] [18] . Here, the greatest practical application abroad, [19] [20] [21] [22] [23] .
The present authors developed rigid PSMPUFs based on aromatic polyester diol and polyisocyanate with a glass transition temperature (T g ) of the reversible phase higher than room temperature. The shape memory effect is manifested in them if the specimen is converted to the high-elastic state by heating to a temperature T > T g and compaction to give the prescribed size and shape, and these are fixed by cooling below T g . During subsequent heating above T g , the material recovers its original shape and size. Investigations of this effect were conducted both under terrestrial conditions and in two scientific educational experiments MATI-75 (Poroplast 1 and Poroplast 2) under conditions of microgravitation on the International Space Station. The PSMPUF used in this case had a porous structure with cells of polyhedral shape, T g = 55°C, a density of 85 kg/cm 3 , and an open and closed porosity of 16.7 and 75.9% respectively, with a total porosity of 92.6%. After fivefold compression at T s = T g + 10°C and subsequent cooling to normal temperature, the degree of recovery of the size of the PSMPUF specimens of different shape and original size at the same T s under winter conditions and under conditions of microgravitation amounted to 89-98% with decrease in open porosity and increase in closed porosity to 9-12% and to 77-83% respectively [24] . From the data obtained in these experiments it follows that, besides T g , which determines the temperature of compaction and recovery of shape and size, and also the heat resistance of PSMPUFs during service, the most important parameter is their open porosity (P o ), which determines the capacity of the material for compaction and the degree of shape recovery. In this work, in order to find the possibilities of purposeful control and obtaining the required T g and P o values, systematic investigations were conducted to establish the influence of the number of main and auxiliary components (polyisocyanate, catalyst, chain extenders, foaming agent, cell destroyer, water, and surfactant) individually on these characteristics with the selected base composition of the composite ensuring the production of highly porous PSMPUF.
maTErIaLS aND mETHODS
In the work, to produce PSMPUF specimens, use was made of composites, the main components of which were polyol of grade Vladipol 3313 (analogue Stepanpol PS 2002) -an oligoester of o-phthalic acid and diethylene glycol with a molecular weight of the order of 580, polyisocyanate Voratec SD 100 -commercial diphenylmethane diisocyanate (Dow Chemical), (C NCO = 31%), and a catalyst with chain extender DABCO 33 LV -a 33% solution of cyclic tertiary amine ( ) in dipropylene glycol.
To form a porous structure of the PSMPUF, use was made of auxiliary components: foaming agent Khladon 141V (fluorodichloroethane), cell destroyer ORTE-GOL 501 (polybutadiene/diisoonyl phthalate), water, and surfactant. As the base, use was made of a PSMPUF formulation used in the first space experiment MATI-75 and consisting of 50 parts polyol, 35 parts polyisocyanate, 0.16 parts catalyst with chain extender, 12.5 parts foaming agent, 0.24 parts water, 0.045 parts cell destroyer, and 0.075 parts surfactant. During investigation of the influence of the amount of polyisocyanate, catalyst with chain extender, foaming agent, cell destroyer, water, and surfactant on the T g and P o of PSMPUF in the base formulation, only the content of the corresponding component was varied, with retention of the remaining components in the amounts indicated above.
To produce specimens, the initial components were thoroughly stirred in a mixer (polyisocyanate was introduced last) and poured into an open metal mould of 150 × 150 × 150 mm 3 size. Foaming of the composite was carried out at 22°C, with the temperature, which increases owing to the exothermic effect at the centre of the mould, monitored using a thermocouple. After removal from the mould, the PSMPUF block was held for 24 h at room temperature, after which it was heat treated at T = 80°C for 1 h. From different parts of the block, sections of 2 mm thickness were made to obtain micrographs of the porous structure using a Union optical microscope by transillumination at 30× magnification. To determine T g and P o , from different parts of the block, specimens were cut out in the form of cubes with an edge length of 10 mm. The total volume and density of the specimens were determined by the measurement and weighing method, while the volume of open pores was determined from the change in the volume of water in a measuring cylinder after immersion and holding of the specimen in water. The open porosity P o was calculated from the ratio of the volume of open pores to the total volume of the specimen. The glass transition temperature T g was determined from the discontinuity on the thermomechanical curve obtained using a Lazurkin-Aleksandrov instrument, in which, to the end of the moving rod, a metal plate was attached, the area of which exceeded the area of one side of the specimen. The obtained values of P o and T g were averaged for specimens from different parts of the PSMPUF block, and the average results were used to plot their dependences on the content of the corresponding component.
rESuLTS aND DISCuSSION
The optical micrographs of the sections of specimens of all the investigated PSMPUFs ( Figure 1) hardly differ from each other and from specimens produced according to the base formulation, which indicates their porous structure with cells of polyhedral shape, weakly dependent on the content of the individual component with identical contents of the remaining components.
The dependences of T g and P o on the polyisocyanate content, given in Figure 2 , indicate that increase in its concentration from 20 parts to the quantity in the base formulation (35 parts) leads to an increase in T g by 15°C, while further increase to 50 parts results in an increase in T g only by a few degrees. Here, a comparatively small change in P o is observed in the entire range of polyisocyanate concentrations used.
Change in the content of the solution in the chain extender has a considerable influence both on T g and on P o (Figure 3) . Variation in the quantity of this solution in the selected range makes it possible to change the T g values by 10°C and the P o values by 12%.
Change in the content of foaming agent in the range from 10 to 14 parts indicates (Figure 4) that the optimum is a foaming agent content close to 12 parts, which corresponds to the empirically selected base formulation. Here, the values of T g and P o have maximum values and decrease sharply with a small reduction and increase in the concentration of the given component.
Increase in the content of cell destroyer in the examined range of concentrations leads to an increase in T g by 5°C and in P o by 4% ( Figure 5 ).
The dependences of T g and P o on the water content, given in Figure 6 , indicate that increase in its concentration leads to a negligible change in these parameters.
Variation in the surfactant content leads to an appreciable change in P o and a lesser change in T g in the region of its concentrations close to 0.09 parts ( Figure 7) . 
